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It is shown that in general electron gas heating inevitably 
results in the change of the carrier concentration in the con- 
duction band. It is proved, that this change, as a rule, leads 
to the kinetic coefficient nonlinearity of the same order, as 
the change of mobility does. The conditions are determined, 
when this change can be neglected. 
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It is well known, that the fundamental reason for non- 
linearity of a current-voltage characteristic (CVC) of a 
homogeneous semiconductor in strong electrical fields is 
the change of the mean carrier energy (carrier heating). 
The classical theory of the hot carrier transpQrt-.was de- 
veloped a long time ago and rather explicitlyETEl. Thus, 
as a rule, it was considered, that the nonlinearity of the 
CVC is related to the carrier mobility alteration because 
of the change of carrier mean energy. Some number 
of works devoted to nonlineariijv caused by impact 
ionizationoQ, carriex lifetime changeO, inter-valley redis- 
tribution of carriersH pc by non-parabolic form of the car- 
rier dispersion lawll3'Ell in strong fields. In single- valley 
semiconductors, neglecting such processes as an impact 
ionization and carriec lifetime change in strong fields, it 
is usually consideredEJEl that only the carriers, which al- 
ready exist in bands, are subjected to heating, i.e. during 
heating the concentration of carriers remains equal to its 
value at the state of thermodynamic equilibrium. How- 
ever, as it was shown in RefJ13, there exists one more 
mechanism of nonlinearity, connected with the fact that 
the violation of the energy equilibrium between electrons 
and holes (the difference between electron and hole tem- 
peratures) inevitably results in the violation of the con- 
centration equilibrium between electrons of the conduc- 
tion band and the valence band. This idea was developed 
in RefJla. However, due to the assumption made that the 
population of the impurity level does not depend on heat- 
ing, the results turn out to be incorrect if the heating of 
electrons and holes is different (electron and holes tem- 
peratures are unequal). Besides, the question when this 
effect takes place was left open. 

In general, the discrepancy between electron and hole 
temperatures should cause the change of the carrier con- 
centrations in both bands and the impurity level popu- 
lation. Hence, the problem is reduced only to what is 
the magnitude of the contribution of the latter effect to 
kinetic coefficients in comparison with the change of mo- 
bility (relaxation time) at the same temperature discrep- 
ancy. Thus, a new origin of strong field nonlinear effects. 



related to the alteration of the energy level population 
in conduction and valence bands due to the difference 
between electron and hole temperatures in strong elec- 
trical fields, is discussed below. It is possible to neglect 
this phenomena in the theory of hot electrons only under 
special conditions indicated below. 

Experimental verification of tii€r4aagnitude of the con- 
sidered effect is shown in Ref.EJo. Unfortunately, in 
spite of all these facts, the considered mechanism of non- 
linearity in the theory of hot electrons had been actually 
forgotten and did not obtain a further development. 

Virtually, the carrier concentration change because of 
this mechanism is reduced to the carrier recombination 
rate change, which is owing to the alteration of carrier 
distribution functions. 

Let's consider the elementary model — a homogeneous 
single-valley semiconductor with one nondegenerate im- 
purity level at an energy St and concentration of impurity 
Nt ■ In the given model the kinetics of the carrier concen- 
tration change within bands due to heating is determined 
by the following processes: (1) the capture of electrons 
from conduction band to the impurity level, (2) the ther- 
mal emission of electrons from the impurity level into the 
conduction band, (3) the capture of holes to the impurity 
level, (4) the thermal emission of holes from the impurity 
level into the valence band. To simplify the calculations 
we neglect the influence of interband transitions on car- 
rier concentration change at heating. 

Let's note, that the concentration change is caused by 
the alteration of the rate of recombination rather than 
thermal generation. 

Suppose, that only the electron subsystem is subjected 
to heating. Kien, if conditions for carrier concentrations 
indicated IeIIj are fulfilled, the electron gas can be de- 
scribed by the Fermi distribution function with electron 
temperature Tg. Subsystems of holes and captured car- 
riers have the lattice temperature Tq. 

The capture rate of electrons onto the impurity level 
can be represented by following expressiontj: 



an{T,)Nt[l - ft{To)]n{T,), 



(1) 



where ft is the distribution function of electrons on the 
impurity level, Nt[l — ft{To)] represents the concentra- 
tion of free impurity states, n{Te) is the concentration of 
electrons, a„(Te) is the capture factor of electrons by the 
trap. Let's emphasize once again, that here we do not 
consider the explicit dependence of the capture factor on 
the magnitude of the electrical field applied, i.e. we do 
not take into account such processes-jas the change of the 
carrier life time in strong fields (seeH). By definition. 
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Here c„(£) is a probability of the electron transition from 
the impurity level into the state with an energy e, t^„(e) 
is a density of states, /„(e,re) is the Fermi distribution 
function with temperature Tg for conductivity electrons, 
Ec is the energy of an electron at the bottom of conduc- 
tion band. 

The rate of a thermal emission into the conduction 
band is assumed to be independent of the temperature 
of electrons in the conduction band (that is correct, at 
least, for wide-band semiconductors): 



gnT = a„(To)A^t/t(To)ni, 



(3) 



where rii = u^q exp {—X/Tq) is a parameter describing 
the impurity level, Vno is the effective density of states 
in the conduction band, 2 = Sc — £t is the ionization en- 
ergy of the impurity level. The parameter ni represents 
concentration of electrons in the conduction band, which 
would take place, if the Fermi level would coincide with 
the impurity level. 

Obviously, the recombination rate of electrons is equal 

to Rn = rn - gnT- 

Similar equations can be written for the hole subsystem 
as well: 



rp = ap{To)NtftiTo)p, 

9pT = ap{To)Nt[l - /t(To)]pi, 



Rp — Tp 



9pT- 



(4) 
(5) 



Here p is a hole concentration, the definition of quantities 
ap{To) and pi is similar to the above mentioned one for 
electrons. 

In a homogeneous semiconductor in steady state i?„ = 
Rp = 0, and the condition of the electroneutrality is ful- 
filled. It is convenient to express such a condition as: 

Sn + NtSft = Sp, (6) 

where Sn = n - no, Sp = p - pq, 5ft = ft - fti and no, 
Po E^nd ft are respectively electron and hole concentra- 
tions and the impurity level population in the absence of 
heating (T^ = To). 

After solving the set of equations i?„ — Rp — Q to- 
gether with the Eq. (||), one obtains the following ex- 
pressions for the carrier concentration change caused by 
heating: 
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To<CTo. (8) 



Assuming additionally, that the gas of carriers is non- 
degenerate, i.e. the relation uqPq = nipi = nf holds. 



where is the intrinsic carrier concentration (i.e. at 
Nt = 0) in the absence of heating, and, besides, bands 
are parabolic, we will analyze Eqs. (0)-(||) in two limiting 
cases. 

1. An intrinsic semiconductor with low concentration 
of shallow traps for electrons . 

In this case ni ;» no = po = ^ Pi and Eqs. (0)-(||) 
acquire the form: 



Sn dan(To) ST 



dT 2Q„(ro) 



Sp « Sr 



(9) 
(10) 



Thus the magnitude of the carrier concentration 
change at heating in this case is determined only by the 
temperature dependence of the electron capture factor 
an- 

Let's note also, that expressions (p[)-(p^) have the same 
form as in the case of only interband transition in an 
intrinsic semiconductor. 

2. A n-type monopolar semiconductor with donor im- 
purity (no > ni > Po). 

The relative carrier concentration change in this case is 
described by the following expressions: 
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(12) 



It is easy to verify, that in this case the carrier concen- 
tration change at heating is determined not only by the 
temperature dependence of the electron capture factor 
Q!„, but also depends on concentration of impurity and 
on the temperature To. In the range of high tempera- 
tures (To ^ T/ ln(t'„o/A^t), i.e. Nt <C ni) the functional 
dependence of |(5n/no| on Nt has a deep minimum at 
Nt ~ \/nfni, being equal to 
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where Eg is the bandgap width. Thus, near the indicated 
concentration the additional contribution to the conduc- 
tivity change is negligibly snialL and heating effects are 
described by existing theoriesEI^El. 

At low temperatures or, that is equivalent, heavily dop- 
ing (Nt ^ ni) we come back to expression (||). Let's 
note, that in this case (in contrast to Eq. (|l^)) Sp ^ Sn. 

In monopolar CcLSG, clS well as for an intrinsic semicon- 
ductor, the deviation from the conventional theories is 
determined by the temperature dependence of the elec- 
tron capture factor a„. For simplicity we will analyze 
model dependence for two cases: attracting and repul- 
sive potentials of impurity centers. 
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In the case of the electron capture by an attracting 
potential a„(T) ~ T"™, and m varies within the Hmits 
from m ~ 1 up to m ~ 5 depeudiiig on the nature of the 
semiconductors and impuritiesll3ll3. Then 



ST da„{To) 
an (To 



ST 

dT =-'^n- 



(14) 



In the case of electron capture by a repulsive poten- 
tial of impurity (for example, ions of gold or copper in 
germanium) the temperature dependence of the Gaeture 
factor is satisfactorily described by the expressioncJ: 



a„(r) ~ exp 



1/3' 



(15) 



where T* is a parameter depending on the specific kind 
of the semiconductor and the impurity in it. 
Hence, 



ST dan{To) ^ 1 
a„(To) dT 3 
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(16) 



As lon g . a s. T* usually lies in the range from 10"* K 
to 10^ KESEil, in the case of a repulsive potential the 
contribution to the conductivity change in the heating 
field can be even more essential. 

Thus, the electron concentration change caused by car- 
rier heating alters kinetic coefficients as much as the mo- 
bility (relaxation time) change does. It should be men- 
tioned that there exist only two specific, not very inter- 
esting, situation, namely: (1) the electron Fermi level lies 
far enough both from the middle of the gap and from the 
impurity level, and (2) the electron capture factor weakly 
depends on the temperature, when the traditional theory 
of hot electrons is correct. 
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